Abstract-To deal with the high complexity of the products and processes in the microdomain a Design for Microassembly (DFµA) Methodology is introduced which aims to facilitate the efficient assembly of complex three-dimensional miniaturised devices. Currently neither the literature nor any of the common Design for Assembly (DFA) tools provide sufficient solutions for the microworld. The methodology's objective is to enable an increased transfer of products from the research laboratory into industrial practice.
I. INTRODUCTION
ICRO systems technology (MST) is considered to be an enormously strong economic driver in the 21st century. Market estimations predict a large volume of products in MST within the next decade, and within MST, microassembly shows vast potential in a wide range of industrial applications. Currently this potential has only been shown by the development of demonstrator products within research environments and with limited transfer to industrial practice.
Microassembly is in particular necessary to produce multi-material devices with complex and true threedimensional geometries. It is characterised by part dimensions from sub millimeters to a few millimeters with functional part features in the range of micrometers, small tolerances and high positioning accuracy, typically 0.1-10 micrometers [1] . The worldwide trend of miniaturisation of products has led to assembly challenges which need to be solved to compete in today's fast-moving global marketplace.
Conventional pick and place techniques as well as other MEMS driven developments are not sufficient because of their limitations to planar configurations and non-complex geometries. Likewise it is not possible to simply downscale conventional macroassembly technologies since handling parts which measure only a few micrometers in diameter needs to consider several difficulties which do not occur at the macroscale. Moreover, sticking effects are caused by Manuscript received December 14, 2006 . This work was supported in part by the United.Kingdom Engineering and Physical Sciences Research Council within the ongoing "Grand Challenge" research project "3D-Mintegration" which aims to provide radically new ways of thinking for end-to-end design, processing, assembly, packaging, integration and testing of complete 3D miniaturised/integrated '3D Mintegrated' products.
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surface tension, electrostatic and van der Waals forces. Some microparts are extremely fragile and sensitive to contamination, which means that special manipulation and feeding techniques as well as clean room environments become necessary.
The overall intention of the methodology is to help overcome the barriers between single research products and production on an industrial level by developing a common theory of DFA for the microdomain. Although DFA is a widespread and important tool for the manufacturing industry, as well as for research and development at the macroscale, a common approach with similar tools for the microdomain based on specific requirements and different rules is not available at present. The main objective of the presented research is formulated as the development of a sound Design for Microassembly Methodology that aims to facilitate the efficient assembly of complex threedimensional miniaturised devices.
This paper is structured as follows: Section II describes the physical challenges as well as the assembly demands that are inherent in the microworld and thus create the need for a distinct DFµA methodology. After placing the methodology into context Section III describes the state of DFµA knowledge and outlines the relevant prior work in that area. The proposed DFµA methodology is introduced in Section IV. Necessary properties, conceptual layout and the underlying models are explained. Finally the advances in knowledge are summarized in Section V which also gives an outlook on future research work.
II. CRITICAL CHALLENGES IN MICROASSEMBLY

A. Defining Microassembly
For describing the challenges in microassembly it is essential to define what microassembly is. A comprehensive definition that is utilized for the developments presented in Section IV is given by [2] :
"Assembly is defined here as bringing together parts and / or subassemblies, so that a unit comes into being. A subassembly is a composition of parts into a product unit. The assembly process is determined by the manner and the sequence in which the product parts are put together into a complete product. (…) The assembly process comprises a cycle of operations. These operations can be divided into: feeding, handling, composing, checking, adjusting and special processes" [2] . Thus it becomes clear that assembly is more than putting parts together. In fact, "Assembly is the capstone process in manufacturing" [3] . Furthermore, TuA1. 4 1-4244-0563-7/07/$20.00 ©2007 IEEE.
assembly is undoubtedly the "least understood process in manufacturing" [3] . Assembly in the microworld faces even new challenges, hence the complexity increases enormously. Before describing these microspecific challenges in the next section it is necessary to define the scope of the microdomain.
Microtechnology is characterised by chemical processes such as plasma processes, wet chemical etching and photo resist techniques being predominant compared to cutting or reshaping processes [4] . However, microtechnology still follows physical principles, whereas in nanotechnology the primary role of physical principles is replaced as molecular and atomic dimensions are approached [4] - [6] . In contrast to classical chemistry, small ensembles of even individual particles can play a decisive role [4] .
Reference [7] pinpoints the problem of defining the scope of microtechnology, which is the rapidly changing environment and the fact that manufacturing capabilities overtake the lower boundaries of range. For that reason, the term microengineering which should contain "the philosophy and the characteristics of a microproduct" is introduced. Accordingly microengineering is defined as dealing "with development and manufacture of products, whose functional features or at least one dimension are in the order of micrometers. The products are usually characterised by a high degree of integration of functionalities and components" [7] . Not only does this definition define the range of products in terms of size, but it also allocates DFµA as a part of microengineering (see Figure 1 ).
The transfer from a developed prototype in the research lab (product development) to a successful microproduct is delayed most of the time because of the difficulty in developing cost-effective manufacturing processes (production) [7] , [8] . 
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Principles and methodologies for design of micro products, taking into account functionality as well as manufacturability Figure 1 : Allocation of DFµA within microengineering, adapted from [7] Hence, it can be concluded that the relationship between product design and production systems design is not properly considered in the microdomain. Considering the critical importance of assembly within the manufacturing process, the need for a DFµA methodology which supports assembly process selection is underlined.
B. Challenges within the Microworld
The main difference between assembly in the macro-and in the microworld is the required positional precision and accuracy. In the macrodomain an accuracy of a few hundred micrometers is characteristic for serial link robotic manipulators whereas the microdomain requires submicrometer positioning [9] . Closed-loop strategies are needed to compensate for poor kinematic models and for thermal effects. Real time vision feedback seems to be a promising approach. Furthermore, miniature sensitive sensors and extremely accurate 3D robotic manipulators are needed [9] .
Another important difference between assembly in the macro-and the microdomain is related to the mechanics of object interactions due to scaling effects [9] - [11] . In the microworld forces other than gravity dominate. Surface related forces, such as van der Waals, surface tension forces and electrostatic forces become dominant over gravitational forces. Mass decreases with L³ (length) while stiffness for bending and tensile strength are proportional to L and L². Because of this scaling behaviour, manipulation in the microdomain is totally different from manipulation in the macroworld.
This means that when parts to be handled are less than one millimetre in size, adhesive forces between gripper and object can be dominant compared to gravitational forces. These surface forces could be used to pick up the object, but as these forces are very difficult to control, they are more likely to disturb the process than to support it. The object might jump to the gripper and lose orientation or stick to the gripper so that releasing the parts becomes difficult [1] , [9] . A more detailed description of the different sticking forces and their relations to object size and gravitational forces can be found in [10] , [11] .
An additional problem to sticking effects in the microworld is the loss of direct hand-eye coordination for the operator [9] . Microscopes and tools limit the ability to directly see and sense the objects to be handled.
Lastly the cost of manipulation is a problem in the microdomain. Especially if one considers that 80% of the production costs of miniaturised systems or hybrid systems occur in assembly [12] , [13] , it is important to emphasise the challenges in the microworld so they can be tackled by the DFµA methodology.
The described challenges which need to be considered in the development of DFµA can be recapitulated as follows:
• Closed loop strategies • Need for miniature sensitive sensors • Need for accurate 3D manipulators • Scaling effects: Van der Waals, surface tension and electro static forces • Limited direct coordination • Cost of manipulation
C. Demands for Automatic Microassembly
Miniaturisation and function integration is becoming increasingly important worldwide. As described above, the enormous potential of MST products could not be transferred into the industrial practice so far. The following key problems have been identified in the area of microfabrication [8] 
be stated that the requirements for automatic microassembly, in particular the process and the equipment, are very dependent on the products to be assembled. These requirements can be highly variable and even contradictory. However, the assembly system requirements for different products can be classified as follows [8] :
• Products which cannot be produced manually, so automatic microassembly needs to enable technology.
• For products which are already established on the market, cost effective manufacturing of higher quantities is necessary.
• For production with a low diversity of product variants cost effective mass production is needed.
• Due to the demand of producing changing products high flexibility of assembly systems is needed. Moreover, industry demands solutions to compete with low wage countries with manual production. For that reason the DFµA methodology supports linking the manufacturing process chain.
III. STATE OF DFA IN THE MICRODOMAIN
There are various DFA methods in use since the seventies to guide the designer to producing efficient and economic design. Most DFA methods focus on assembly of products with part dimensions from a few millimetres up to several decimetres [14] . It has been outlined in Section II that the domain of microassembly is fast moving and complex and that there are problems to determine assembly processes for automatic microassembly. Such ongoing developments in technology have to be reflected in DFA tools in order to keep control of producability [15] . A major problem is the optimisation of matching product requirements to the process features.
Although there are a few approaches and efforts to develop methodologies that tackle design issues in the microdomain, there is no sufficient solution available yet. This lack of well defined methodologies is also underlined by the results of major international studies, carried out by renowned institutions: [8] , [17] - [19] .
Below relevant prior work will be analysed. The validity of design rules of the Finnish Deltatron DFA-tool for microassembly is discussed in [14] . It is stressed that it is not possible to analyse all existing design rules. However, one conclusion is that "the majority of the design rules in macro DFA are valid also for micro DFA" [14] . On the other hand it is also pointed out that "some of the most critical parts of the assembly process, i.e. handling, feeding, gripping etc." require updating or new design rules for the microdomain. Furthermore, it is stated that the integration of the product design, the process and the production equipment becomes even more important in the microworld.
The product design has implications on the possible handling technologies and vice versa. This makes clear that a DFµA methodology needs to incorporate a method for making the match between required processes and existing processes. Function, technology, material, stress, principles, guidelines, microspecific effects are multidisciplinary boundary conditions that influence microcompatible design [20] . The following "rules of thumb" for micropart manipulation are generated by the appearance of the part [15] :
• Position of feeding is stable
• Relatively flat surface to be gripped by Vacuum gripper • Flat surface covers a major area of the part to be grasped with vacuum • Stiffness of the part allows grasping from the sides • Part sides parallel to each other • Part surface or shape allows grasping force Reference [21] describes a design for microassembly approach which is based on only proven interconnect and packaging technology which targets design for cost effectiveness and not optimisation of functionality.
After reflecting the contents of the few papers on the topic DFµA and the derivation of characteristics for the development of a DFµA methodology it can be summarised that there is no sophisticated DFµA methodology available at present. Moreover, efforts are spent on deriving design rules for specific areas of the microdomain. It becomes clear that design guidelines in the conventional sense are not sufficient in the microdomain. Due to ongoing research and an enormous variety of assembly processes the designer should be made aware of what is possible to realise a producible cost effective design.
IV. DFµA METHODOLOGY
A. Necessary Properties
Although there are no common DFA methodologies for the microdomain, there are still some properties which all methodologies should comply with to be useful for the designer. A number of characteristics that should be addressed by any DFA methodology can be found in [22] - [24] . Because these requirements are general and only related to the design of the methodology they are also valid for a methodology which is used in the microdomain.
The conceptual structure of the DFµA methodology, considering most of the requirements described in [22] , [24] is presented in the following section. Because assembly processes in the microworld are critical and since the intention of the method is to enable and support the TuA1. 4 assembly of complex multi-material microproducts, the focus is laid on different aspects than those in traditional methodologies.
B. Conceptual Layout
The objective of the methodology is to facilitate design improvements early in the design process by
• Applying design rules and guidelines which are focused on the microworld to cope with its specific challenges.
• Considering key assembly process features in early design stages. Another main objective is to determine the appropriate assembly processes by considering process related requirements. Offering qualitative cost analysis supports the decision making for the assembly system design. Figure 2 shows the conceptual structure of the DFµA methodology and the underlying models. The first design specifications will be based on the product requirements which influence the design the most, mainly functional requirements. Only conceptual drawings are needed. But, like in other DFA methods, the more comprehensive the initial information the more effective the result. That initial product design will be analysed and evaluated by applying the DFµA guidelines.
After feeding the input from the DFµA guideline model into the design the next step is the process-product analysis which is the key development within the methodology. The aim is to feed process related design aspects into the product design and to determine the most appropriate assembly processes.
The processes are selected based on the (in previous steps) improved design. As an example the procedure for selecting a feeding process is described to illustrate this essential step. First all parts to be fed are selected. The process related product requirements and part properties are retrieved. Using this information results in:
• A list of suitable feeding processes,
• A list of processes, which could be considered if minor changes in the design were carried out (including indications for design improvement), • The exclusion of a number of feeding processes, because of major design problems and contradiction to the process related product requirements. To decide between several suitable feeding processes a qualitative cost analysis can be conducted to support the decision making. The final results of using the DFµA methodology are:
• A sound and efficient microproduct design.
• A complete selection of appropriate microassembly processes, in particular microjoining, -feeding and -handling processes.
• A determination of the chain of assembly processes. The following section describes the underlying models, namely the DFµA guidelines, the process capability and the cost model in more detail.
C. Underlying Models 1) DFµA Guidelines
A comparison of conventional DFA guidelines with the demands and requirements for microproducts has been conducted. The macroworld guidelines have been broken down and then analysed regarding their suitability to be sensible guidelines in the microworld. The tentative results of this analysis are summarised here.
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Most of the macroworld design guidelines are still valid in the microworld. Due to different conditions on the microscale the focuses of the DFA guidelines have to be shifted. Some conventional guidelines are just not sensible anymore in the microworld.
In general the following issues are of enormous importance in the microworld:
• Design has to focus on functionality • Reduced complexity (sticking effects, tight tolerances are already increasing complexity) • Design, fabrication and assembly are closely related: The problem is not, "how to manufacture a product" but "can the product be manufactured and assembled". In the macroworld these questions are often successively dealt with by different persons.
In the microworld this needs to be done simultaneously.
• Handling within production and assembly is of enormous importance. Positioning, material properties and their relation to environmental conditions have to be considered.
• Cleanliness (clean room, controlled temperature and humidity) • Precision: Capabilities of measurement and process (6 sigma) are very important. Exact definition of tolerances and limits is necessary.
In the microworld it is even more important to work on the process and product design in parallel/simultaneously than in the macroworld. Know-how of design and production, respectively assembly, needs to be joined.
Especially design guidelines which deal with the following issues are problematic for the microworld:
• Fixtures • Fasteners: different techniques possible within the microworld.
• Amount of operations, especially in the microworld the amount of operations/ process steps should be limited.
• Assembly directions: gravitation is less important, adhesive forces dominate.
• Tactile processes: under certain circumstances they should be substituted by optical processes.
2) Process Capability Model
Optimum process selection is an extremely important aspect of production. Different assembly processes have different advantages and limitations. Some are ideal for mass production, others for small orders. Some processes require expensive tooling, but produce high precision components requiring little or no further processing, like checking or closed loop control, thus reducing overall costs. Some are restricted to certain materials, product sizes and shapes. The objective is to find the best match between process attributes and requirements. Selecting the optimum process not only avoids difficulties, but directly effects the product cost and marketability [25] . Moreover, it is important to choose the right process-route at an early stage in the design before the cost-penalty of making changes becomes large [26] .
Rarely can any product be made by a single process. Several processes are usually available and appear competitive. As a result, it is necessary to store the capabilities in a model to enable the optimum process selection. Furthermore materials, tolerances, basic configurations, method of joining parts, etc. need to be specified to chose appropriate processes, which meet the design specifications. Limitations of the available equipment need to be considered within the evaluation of processes; this is especially true for assembly MST products. By establishing rules the capability model provides answers to the following questions:
• What is particularly useful for a certain process?
• Which techniques (e.g. certain joining techniques) should be avoided under which circumstances? • Which techniques have what advantages? Because each process is characterised by different attributes the use of a process capability model in the DFµA methodology is of such importance. It assures the systematic and complete consideration of all available processes in an iterative procedure. A strategy for selecting processes which is utilized for the DFµA methodology is described in [26] . It starts by considering all processes as possible candidates until shown to be otherwise. In a step by step approach processes are excluded until a final process is chosen. However, the final choice is based on a comparison of process-cost.
3) Cost Model
The literature provides plenty of costing approaches. Main attention is paid towards capturing fixed and variable costs. For the DFµA methodology it is important to be able to give comparative estimations of process costs, to support the decision making process. For that reason direct costing would be the easiest option to allocate the variable cost to assembly processes. An activity based cost approach would be an obvious choice at this stage because it allocates and quantifies indirect cost to individual processes. Difficulties might occur by applying the model to specific microassembly processes, because it might not be possible to provide empirical data for all processes. That is why a qualitative cost comparison is chosen, to give an indication which process is economically more effective.
V. CONCLUSION AND FUTURE WORK
This paper elaborates on the need for a DFµA methodology by outlining the specific challenges and the demands for automatic microassembly. Furthermore it has been shown that there is a lack of well defined DFµA methodologies at present. To deal with the complex microassembly environment a DFµA methodology that aims to enable the efficient assembly of complex miniaturised devices, has been introduced. The overall intention is to help overcome the barriers between prototype developments in research laboratories and production on an industrial scale.
Future work needs to be focused on the further
TuA1.4
development of the DFµA methodology by working on the underlying models. This means that the process capability and cost model need to be enhanced and a decision making method needs to be implemented to make the models work together. Finally, the methodology needs to be validated using industrial test products.
